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R ela tive  sta te-to -sta te  cross sections o f  O H  m olecu les in the 2n 3/2, v  = 0 , J  = 3 /2 ,  M J = 3 /2 ,  f  state 
h av e  been  d eterm ined  for transitions up to 2n 3/2, v  =  0, J  = 1 1 /2 ,  f  and 2n i/2, v  = 0, J  = 7 /2 ,  e states 
b y  co llisions w ith  H B r m olecu les (12 ,  v  = 0 , J <  4 ) at 750  cm -1 co llision  energy. In order to 
inves tiga te  features o f the an iso tropy  o f  th e  O H -H B r po ten tia l energy  surface, th e  steric 
asym m etries, w h ich  accoun t for the effect o f  the O H  orien tation  w ith  respec t to  the co llision  partner, 
h av e  been  m easured . A  com parison  w ith  o ther system s p rev iously  stud ied  show s strong sim ilarities 
w ith  the O H -H C l system . © 2006  A m erica n  In s titu te  o f  P hysics . [D O I: 10 .1063 /1 .2363377]
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I. INTRODUCTION
R eactions o f  the O H  rad ica l w ith  hydrogen  halides (HCl, 
H Br, H I) p lay  a crucial ro le  in th e  atm ospheric  chem istry  as 
the p roduced  ha logen  atom s con tribu te  sign ifican tly  to the 
destruction  o f ozone .1 V arious k inetic  studies on these  sy s­
tem s h ave  been  reported , resu lting  in the determ ination  of 
reaction  ra te  constan ts as a function  o f  tem pera tu re .2- 9 T he 
in term olecu lar po ten tia ls  are, how ever, less w ell know n. 
A m ong  these  system s the O H -H C l one has been  studied  
m ost extensively . W e recen tly  perfo rm ed  sta te-to -sta te  in ­
elastic  scattering  m easurem en ts in w h ich  th e  O H  rad ica l w as 
either o rien ted  or no t w ith  respec t to  the H C l m o lecu le .10,11 
T he ob ta ined  sta te-to -sta te  cross sections w ere  com pared  
w ith  the resu lts  o f  reduced  d im ensionality  ca lcu la tions using  
a tw o-d im ensional (2D) or four-d im ensiona l (4D ) po ten tia l 
energy  su rface  (P E S ).12 A  m ore  accura te  ab in itio  PES w as
13pub lished  recen tly  by  W orm er e t a l.
In th is article, w e repo rt m easurem en ts on (non-) o ri­
en ted  O H  rad ica ls in  co llis ions w ith  H Br. C om pared  to the 
in terac tion  o f  O H  w ith  H C l, H B r is p red ic ted  to  b e  m ore 
reactive, p resen ting  a ra te  constan t at room  tem peratu re  
about one order o f m agn itude  larger, 1.1 X 10-11 cm 3 s-1, and 
a tw o tim es h ig h er exotherm icity , 131.5 k J /m o l. C lary  
et al. repo rted  quan tum  scattering  ca lcu lations using  ro ta t­
ing b o n d  approx im ation  and treating  exp lic itly  th e  bend ing  
v ibration  and  local O H  stre tch ing  v ib ration  in H 2O , the v i­
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bra tion  o f  H B r and ro ta tion  o f  O H . F o r b o th  reactan ts in the 
g round  elec tron ic  and v ib ra tional sta te  and also  g round  ro ta ­
tional state for th e  hydroxy l rad ica l, the resu lting  O H  + H B r 
reac tion  cross section  w as 28 A 2 at a co llis ion  energy  of 
0 .09 eV ; at a sim ilar co llision  energy  the  v ib ra tional p o p u la ­
tion  o f the H 2O  p ro d u c t w as p red ic ted  to b e  (1,1), (0,2), 
(2,1), (1,2) in o rder o f decreasing  cross sections, w here  the 
first q u an tum  num ber refers to  the bend ing  v ib ration  and the 
second  to  bo th  stretch ing  types. T hese  resu lts w ere  found  to 
b e  in genera l agreem en t w ith  the v ib ra tional d is tribu tion  o f 
the  H 2O  p ro d u c t m easured  b y  IR  chem ilum inescence  by  
B u tkovskaya  and Setser.6 T he  ca lcu lations o f C lary  e t al. 
w ere  based  on an approx im ate  PE S . T he authors found  a 
strong d ependence  o f  the cross sections w ith  th e  ro tational 
quan tum  num ber o f th e  O H  m olecu le . In  a d irec t dynam ics 
study  L iu  e t al. found  tha t th e  O H  + H B r reaction  proceeds 
v ia  a hydrogen  bounded  com plex  and  subsequen tly  a tran si­
tion  state .9 A n energy  barrie r o f about 310 cm -1 w as ob-
7 8ta ined  in con trast to  C lary  e t al. and  N izam ov  e t al. w ho 
found  a po ten tia l w ell in stead  o f  a reaction  barrier, equal to 
601.6  and 622.6  cm -1, respectively . R egard ing  th e  ine lastic  
channel no calcu lations h ave  been  repo rted  thus far.
B esides the chem ical na tu re  and co llision  energy, the 
in ternal energy  and the im pact geom etry  are factors tha t d e ­
term ine  the  ou tpu t o f  a scattering  p rocess. Taking advantage 
o f  th e  p o la r p roperties and 2n  sym m etry  o f the hydroxyl 
rad ical, e lec trosta tic  field  m ethods can  be  u sed  to select and 
spatia lly  focus only  the m olecu les in  a specific in ternal state, 
in the p resen t case  X  2n 3/2, v  = 0 , J  = 3 /2 ,  M j  = 3 /2 ,  f .  This 
enab les the study  o f sta te-to -sta te  ro ta tional excita tion . In  
addition , it is p o ss ib le  by  using  e lec trosta tic  fields to orien t 
these  m olecu les w ith  either the O  or H  side d irec ted  tow ards
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the  co llision  partner. In this artic le  w e p resen t sta te-to -sta te  
ine lastic  cross sections and steric  asym m etries for the o ri­
en ted  scattering , m easu red  by  sa turated  laser induced  fluo­
rescence  (LIF) o f  the O H  A (2S + )-X (2n ) ,  (0-0) band . The 
resu lts are com pared  w ith  the p rev iously  ob tained  cross sec­
tions and  steric  asym m etries for th e  O H + H C l system .
II. EXPERIMENTAL PROCEDURE
A  deta iled  descrip tion  o f  the experim en ta l setup  is g iven 
in prev ious rep o rts .14- 19 Briefly, a crossed  beam  m achine 
pum ped  to 10-7 - 1 0 -8 T orr is p rov ided  w ith  tw o 50 ^ s  (full 
w id th  at h a lf  m axim um ) m olecu lar pu lses (Jordan) at a re p ­
etition  ra te  o f  10 H z. T he O H  beam  is p roduced  by  ex p an d ­
ing 3%  H 2O  in A r th rough  one o f  these  valves w ith  a nozzle  
open ing  o f  0 .2  m m  diam eter. T he back ing  p ressu re  is 
600 T orr. A t 15 m m  from  the n ozz le  a sta in less steel ring  
w ith  an inner d iam eter o f  3 m m  is kep t at - 4  kV , p roducing  
an e lec trica l d ischarge  in  the expand ing  m ix ture . A fte r p a ss ­
ing a sk im m er w ith  an opening  o f  2 .5  m m  d iam eter and  at a 
vo ltage  o f - 3 0 0  V  to deflect the ions fo rm ed in the d is ­
charge, the beam  m olecu les en te r a doub le  hex ap o le  state 
selector. T he hexapo le  vo ltage  is set to  focus th e  O H  m o l­
ecules in the sta te  f t = 3 /2 ,  J = 3 / 2 ,  M J = 3 /2 ,  f  in to  th e  r e ­
g ion o f  co llisions w ith  th e  secondary  beam . A  2 m m  d iam ­
eter beam  stop is p laced  on th e  m olecu la r beam  axis in front 
o f th e  state  se lec to r to  b lo ck  the m olecu les, w hich  fly along 
the cen tra l axis and  do no t experience  any field  for the  se ­
lection . H a lf  w ay  in  the sta te  se lec to r the O H  m olecu les in 
the J  = 3 /2 ,  M J = 3 / 2  state  are focused  for the  first tim e. This 
enab les the b lock ing  o f  O H  m olecu les in  the o ther low  field 
seeking states (m ainly  J  = 3 /2 ,  M J = 1 /2 )  by  inserting  a d ia ­
p h ragm  w ith  a d iam eter o f  3.5 m m . A s a resu lt, the  d is tribu ­
tion  o f  the hydroxy l rad ica l popu la tion  in th e  co llision  reg ion  
is 94%  in th e  f t = 3 /2 ,  J = 3 / 2 ,  f  state, 4%  in the f t = 3 /2 ,  
J = 5 / 2 ,  f  state, and less than 0 .5%  in each  o ther ro tational 
state. T he  m easured  cross section  for the transition  to  the 
f t '  = 3 /2 ,  J '  = 5 /2 ,  f  final sta te  has been  co rrec ted  for the 
in itia l popu la tion  o f  this sta te  assum ing  tha t th e  re la tive  
dep le tion  o f  popu la tion  by  ou t-scattering  is the sam e for J  
= 3 /2  and J  = 5 / 2  states.
T he secondary  beam  is fo rm ed in  the supersonic  ex p an ­
sion o f  1 bar p u re  H B r gas th rough  a 0 .5  m m  diam eter 
nozzle . A t 30 m m  d ow nstream  o f  th e  nozzle  and 60 m m  b e ­
fore th e  co llision  cen ter a 3 m m  d iam eter sk im m er is lo ­
cated . A nalysis o f  resonance  enhanced  m ultipho ton  io n iza ­
tion  (R E M PI) spectra  o f  various ro ta tional b ranches o f  the 
excita tion  transitions to the g  32 -  (0-0), f  3A 2 (0-0), and 
1 1A 2 (0-0) states revea led  a ro ta tional coo ling  o f  the X  12 ,  
v  = 0 state dow n to 1 9 ± 3  K , as show n in F ig . 1. T he iso tope 
shifts co rrespond ing  to H 79B r (50.7% ) and  H 81B r (49.3% ) 
are no t reso lved . T he  back ing  p ressu re  o f the secondary  
beam  gas has been  chosen  to cause no t m ore  than  10% o u t­
scattering  o f  the in itia l popu la tion  o f  O H  in the f t = 3 /2 ,  
J  = 3 /2 ,  f  state, in  o rder to m ain ta in  a sing le  co llis ion  regim e. 
T he co llision  energy  o f O H  seeded  in A r co llid ing  at a righ t
FIG. 1. (2+1) REMPI 1 1A(2) ^ X  12+ (0-0) spectrum of an expansion of 
pure HBr at 1 bar backing pressure.
ang le  w ith  the pu re  H B r beam  is estim ated  to  be 
750 ± 1 9 0  cm -1 .
F o r the m easurem en ts o f th e  steric  asym m etries an o ri­
en tation  field  is crea ted  in the co llis ion  reg ion  by  four p a ra l­
lel rods b iased  in pairs in o rder to  induce  a 7 .5  k V /c m  field 
para lle l or an tiparalle l to th e  re la tiv e  velocity  vecto r o f  the 
m o lecu lar beam s. B y m eans o f  the S tark  effect the com bina­
tion  o f  the e lec trosta tic  fields o f  the hex ap o le  and th e  o rien ­
tation  rods assures tha t for one p o la rity  o f  th e  four rods th e  O 
side o f  th e  m olecu les is o rien ted  tow ards th e  H B r m olecu les 
and the H  side for the reversed  polarity . P re fe rence  for one o f 
these  o rien tations resu lts in  a larger m easured  scattering  
cross section . A  deta iled  descrip tion  o f  th e  theo ry  o f th e  O H  
state  selection  and subsequen t o rien tation  is g iven in  other 
p reced ing  rep o rts .18- 20
T he A -doub le t sta te  reso lved  popu la tion  d is tribu tion  is 
p robed  by  sa turated  L IF  by  exciting  the A (22 + )-X (2n )  tran ­
sition  at 308  nm . T he  second  harm onic  genera tion  o f  a 
N d:Y A G  (y ttrium  alum inum  garnet) laser w ith  5 ns pu lse  
and 10 H z repetition  ra te  is u sed  to  pum p a dye  laser 
(L am bda P h y sik  m odel Scanm ate  2) operating  w ith  Sulfor- 
h o dam ine  SR  640; the doub led  ou tpu t is set at 
0 .5 -0 .8  m J/pu lse  in  o rder to p reven t line  b roaden ing  and 
still sa tu ra te  the absorp tion . T he laser b andw id th  is 
0 .45  cm -1, w h ich  allow s th e  spectral reso lu tion  o f  all m ea­
sured  O H  transitions excep t for the Q 2 (2) and Q 2 (3) tran ­
sitions. T he  spatial spreads o f  the O H  and  H B r beam s at the 
co llis ion  and  detec tion  reg ion  are 2 and 9 m m , respectively . 
T he laser beam  size is 4  m m  in d iam eter at the crossing  o f 
the  m olecu lar beam s. T he Q 1 and P 1 transitions are  used
to p robe  the popu la tion  o f  th e  n 3/2, J = 3 / 2 - 1 1 / 2 ,  f  and 
J = 3 / 2 - 9 / 2 ,  e states, respectively , w hereas th e  P 2 and  Q 2 
transitions are u sed  for the 2n 1/2, J = 3 / 2 ,  5 /2 ,  f  and 
J  = 1 / 2 - 7 / 2 ,  e states, respective ly ; for the popu la tion  o f  the 
2n 1/2, J  = 1 /2 ,  f  state th e  P 12 (1) line has been  used . A  system
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o f tw o lenses and  a U G -11 filter is u sed  to co llec t th e  fluo­
rescen t ligh t onto the pho tom u ltip lier tube  (E M I 9235 Q B). 
T he laser beam  is passed  th rough  ligh t baffles b efo re  and 
after the detec tion  reg ion  and is dum ped  into a W ood’s horn  
in order to  reduce  the backg round  due  to  laser beam . G ated  
boxcar signals are accum ulated  over 2000 shots w ith  second ­
ary valve  m odu la tion  every  128 shots during w hich  th e  gas 
p u lse  is de layed  or no t b y  1 m s w ith  respec t to the o ther 
beam . S ub traction  o f  the m odu la ted  signals g ives the effect 
o f the co llis ions: an in- or ou tsca ttering  signal. F o r th e  o ri­
en ted  scattering  a m easu rem en t cycle  o f  1 0 0 0 /2 0 0 0 /1 0 0 0  
shots is app lied  w ith  a lternating  p o la rity  be tw een  the rods, 
+ / - / +  or - /  + / - ,  in  o rder to com pensate  for th e  ex p erim en ­
tal drifts in  laser energy  and  alignm ent. 1 0 -8 0  m easurem ents 
h ave  been  u sed  for each  ro ta tional level to  deduce  the m ean  
value  and its accuracy  by  w eigh ted  averag ing  (Fig. 2 ) .
III. RESULTS AND DISCUSSION
A. State-to-state cross sections
T he d ifferences in  final in ternal sta te  energies do no t 
im ply  significant d ifferences in  the residence  tim e o f th e  O H  
m olecu les in the  detec tion  volum e. In the geom etry  o f  these 
experim en ts the  flux -to -density  transfo rm ation  for the L IF  
signal to  m o lecu lar density  conversion  has been  considered  
neg lig ib le  w ith in  the experim en ta l accuracy. In o rder to co r­
rec t for the d ifferen t degeneracy  factors o f  the in itia l and 
final states the fluo rescence  signal w as d iv ided  by  the ex c i­
ta tion  ra te .17
E R  =
( 2 - C m + 1 )  + (2 J s'a t+ 1 )  
J a i n + D  + (2JSat+1) + (2J" + 1 )  ’
(1)
w here  the labels m ain  and sa t re fe r to  the  m ain  or satellite  
spectroscopic  lines excited  together w ith in  the laser b an d ­
w id th  and J '  and J" designa te  the to tal angular m om entum  
quan tum  num bers for th e  fluo rescen t excited  sta te  and  the 
g round  sta te , respectively . In the absence  o f the ca lcu la ted  
cross sections to  scale w ith , th e  re la tiv e  sta te-to -sta te  in e las­
tic cross sections for th e  transitions f t " , J " , e " ^ f t ' , J '  , e '  
h ave  been  dete rm ined  using  the fo llow ing  fo rm ula:
FIG. 2. Scheme of the rotational energy levels of the ground electronic state 
of OH molecule, X  2n ;  the A-doublet splitting is magnified for clarity. The 
quantum numbers of the total molecular angular momentum, J, and its pro­
jection on the interatomic axis, H, the symmetry with respect to the inver­
sion in the molecular frame, p, and the symmetry with respect the reflection 
into the molecular rotation plane, e, are specified for each of the rotational 
levels depicted.
^ re l(O ', J ' , e ' ) :
In sc a tte rin g (O ', J ' ,  e ')  
O u tsca tte ring (O ", J" , e")
X  100 % . (2a)
H ere  O  is the p ro jec tion  o f  th e  to tal angu lar m om en tum  J  
onto th e  in ternuclear O H  axis and e  corresponds to the 
A -doub le t sta te  e or f  sym m etry. F o r O = 3 /2 ,  f  and O  
= 1 /2 , e states the h a lf  filled  e lec tron ic  t  orb ital is an tisym ­
m etric  w ith  respec t to  a reflection  in  the m olecu lar ro tation  
p lan e  and for O  = 3 /2 ,  e and O  = 1 /2 ,  f  states the orb ita l o f 
the  unpaired  t  o rb ita l is sym m etric  w ith  respec t to  th e  sam e 
reflection  operation . T he to tal parity  is g iven b y  ( - 1 ) J-1/2 for 
the  e states and ( - 1 ) J+1/2 for the f  states. T he quan tum  n u m ­
bers O "  and J"  are bo th  equal to 3 /2  and e = f  for the in itially  
se lected  state. T he m easured  re la tiv e  cross sections g iven  by  
expression  (2a) con ta in  in fo rm ation  about the abso lu te  cross 
sections:
J
In sc a tte r in g (O ', J ' ,  e ')  ^  ^inelastic(O", J" , e" ^  O ',  J ' ,  e ') u relativewOHwHBr^^, (2b)
' Det Vol
O u tsca tte ring (O ", J" , e") ^  ^elasti^O", J" , e")urelative«OH«HBrdV
’ Outside Det Vol
+ I Í °"inelastic(O  ,J  , e  * O  ,J  , e  ) + ^reactive j v relativen OHn HBrd V , (2c)
JAU spaœ \O ',J ',e ' j
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TABLE I. Relative state-to-state cross sections ^rel (%) for inelastic scatter­
ing of OH (X 2n , v =0, fì = 3/2, J=3/2, f )  in collisions with pure HBr ('2, 
v = 0, J <4) at 750 cm- ' collision energy.




9/2 1.39±0.34 1.50± 0.40
11/2 0.62±0.32




aThe H = 1/2, J =3/2 and 5/2, e state populations are probed by transitions 
which are not separated within the laser bandwidth.
w here  n  is the num ber density , v relative is the average  re lative 
velocity  o f  the m o lecu lar beam s, and ff'elastic, o-inelastic, and 
CTreactive are  abso lu te  cross sections. In  these  expressions it is 
assum ed tha t all O H  m olecu les are in  the in itia l state 
H " , J " , é ' . T he  m easu red  inscattering  ( H ' , J ' , e ')  signal, (2b), 
consists o f  fluo rescence em itted  b y  the  m olecu les scattered  
to the final H ' , J ' , e ' s ta te  and ac tivated  by  the resonan t laser 
rad iation . T he in tersec tion  o f  the laser b eam  and scattered  
O H  m olecu lar beam  form s th e  detec tion  vo lum e. T he larger 
the detec tion  volum e, the  sm aller the con tribu tion  o f the 
elastica lly  scattered  m olecu les to the ou tscattering  signal, 
(2c). 10% o f  th e  in itia l H " = 3 /2 ,  J " = 3 /2 ,  f  popu la tion  is 
ou tsca ttered  b y  co llisions. A lm ost all o f  th e  10% o f m o l­
ecules scattered  out o f  the  in itia l state are  de tec ted  in d iffer­
en t ro ta tional states. F or th e  O H -H C l experim en ts at a co l­
lision  energy  o f  920 cm -1 ,10 the am oun t o f  m olecu les found  
back  in o ther in ternal states is
2  ^ re lC ^ ' J ' , e ' )OH-HCl = 81 ±  2 % , (3a)
H ',J',e'
w h ile  for the O H -H B r system , at 750  cm -1 co llis ion  energy, 
the co rrespond ing  am ount is
2  OTel(H', J ',e ')O H - H B r= 8 0 ± 2 % . (3b)
H ',J',e'
T he  m issing  am ount o f  m olecu les is thus co rre la ted  to (in) 
elastic  scattering  ou tside  the p ro b e  laser beam , p o ss ib le  r e ­
active channels, and no t m easu rab le  ine lastic  scattering  to 
h igher energy  in ternal states; these  to ta l con tribu tions are 
equal w ith in  the experim en ta l accuracy  for scattering  by  H B r 
and by  H Cl.
T he resu lts  for the O H -H B r re la tive  sta te-to -sta te  in e las­
tic cross sections are listed  in T able I . A s a resu lt o f the 
co llision  w ith  the H B r m olecu les , th e  O H  2n 3/2, v  = 0, J  
=  3 /2 ,  f  m o lecu les are  ro ta tiona lly  excited  to  b o th  sp in-orbit 
states 2n 3/2 and 2n 1/2, conserv ing  or changing  the state p a r­
ity, or are sligh tly  deexcited  to  the low er ro ta tional state 
H ' = 3 /2 ,  J '  = 3 /2 ,  e, chang ing  only  the parity . T he m olecules 
excited  to the h ighes t ro ta tional energy  state, H ' = 3 /2 ,  J ' 
=  1 1 /2 , f ,  am oun t to a sm all p ercen t out o f  the to ta l scattered  
m olecu les, 0 .6% . F o r th is excita tion  the conversion  o f the 
co llision  k inetic  energy  to  in ternal ro ta tion  energy  is m axi-
m al, 546 cm -1 . T he largest cross section , 5 1 .9 ± 0 .9 % , is ob ­
ta ined  for the p arity  chang ing  transition , for w h ich  th e  en ­
ergy  change  is only  0 .05 cm -1, th e  A -doub le t sp litting  o f  the 
J  = 3 / 2  state. T he large va lue  o f  the cross section  for the 
transition  to the H ' = 1 /2 , J '  = 3 /2  and 5 /2  e states is due to 
the  fact tha t it includes con tribu tions from  excita tions to bo th  
ro ta tional states, p robed  b y  transitions un reso lved  w ith in  the 
laser bandw id th .
T he ou tsca ttering  (H " , J"  ,e")  signal, w h ich  is th e  d e ­
nom inato r in the expression  (2a) o f  the re la tive  sta te-to -sta te  
cross section , is assum ed  to  b e  the sam e for all the  final 
states p robed , b u t can  d iffer from  system  to system . F o r the 
com parison  am ong O H - X  system s, the re la tive  cross sec­
tions, o-rel( H ' , J ' , e ') ,  h ave  been  d iv ided  by  th e  re la tive  cross 
section  for the scattering  to  one p a rticu la r state, as chosen , 
H ' = 3 /2 ,  J '  =  3 /2 ,  e, and the  p ro d u c t v relativeOH-Xn OHnX has 
been  considered  constan t over the en tire  de tec tion  volum e. 
H ence, the resu lting  ratios, p ( H ' , J ' , e ')  (% ), a re  the ra tios o f 
the  abso lu te  sta te-to -sta te  ine lastic  cross sections for th e  sca t­
tering  to  each  p robed  sta te  to  the abso lu te  ine lastic  cross 
section  for th e  scattering  to the H '  = 3 /2 ,  J '  = 3 /2 ,  e state. 
T hey  are show n g raph ica lly  in F ig . 3 for th e  O H -H B r system  
at 750  cm -1 co llision  energy  and O H -H C l at 920 cm -1 . A s 
show n, the ratios are la rger for th e  O H -H B r system  for m any 
o f  the h igher excita tions. R ela tive  to the am ount o f  m o l­
ecu les tha t a re  sligh tly  deexcited  to  the parity  changing  state, 
the  am oun t o f  m olecu les ro ta tionally  exc ited  decreases w ith  
increasing  ro ta tional quan tum  num ber and  this trend  is very  
sim ilar for b o th  ha logen  h yd ride  partners. A no ther sim ilar 
fea tu re  is tha t no p ropensity  w ith  respec t to the  A -doub le t 
parity  is m easu red  w ith in  the experim en ta l accuracy. F or 
m ost o ther system s stud ied  thus far such as O H -H e , 
- N 2,-C O ,-A r , and - C O 2, a c lear p ropensity  for the H ' 
= 3 /2 ,  J '  = 5 /2 ,  e s ta te  is revealed . T he H '  = 3 /2 ,  f  states 
co rrespond  to  the  an tisym m etric  configuration  w ith  the  u n ­
filled  elec tron ic  t  orb ital perpend icu lar to the m olecu la r ro ­
tation  p lane. In  co llis ions w ith  H C l and H B r th e  m olecu les 
exh ib it no tendency  to keep th is configuration  above, ch an g ­
ing  it in to  the sym m etric  configuration  w ith  the un filled  o r­
b ita l in the p lan e  o f  m olecu la r ro tation . P robab ly  th e  long- 
ran g e  d ipo le -d ipo le  or d ipo le-quad rupo le  in terac tions are 
dom inan t over th e  short-range d ispersion  forces, w h ich  m ay  
d iffer for the sym m etric  and an tisym m etric  configurations.
B. Effects of the molecular orientation
T he orien ted  scattering  m easurem en ts w ere  perfo rm ed  
u sing  an e lec trosta tic  field  along the d irection  o f  th e  re la tive  
velocity  vecto r o f  the tw o m olecu lar beam s. B y  chang ing  the 
p o la rity  o f  the rods th e  o rien tation  o f the O H  m olecu les w as 
alternated  such  tha t O H  collides w ith  th e  H B r m o lecu le  w ith  
either the O  or the H  side. A  quantification  o f  th e  deg ree  of 
o rien ta tion  is g iven by  the average  va lue  o f the ang le  b e ­
tw een  th e  m olecu la r axis and the axis o f  th e  external 
fie ld :2' ,22
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FIG. 3. Ratios p (H ', J ' , e') (%) of the absolute state-to-state inelastic cross 
sections and the absolute cross section for the transition to the H ' = 3/2, 
J ' = 3/2, e state of OH (X 2n , v =0) H" = 3/2, J"=3/2, f  in collisions with 
HBr at 750 cm-1 collision energy (squares) and with HCl at 920 cm-1 col­
lision energy (circles), for the transitions to the (a) H' =3/2 states and (b) 
H' = 1/2 states. The error bars correspond to one standard deviation.
M  jQ
(cos 0)m j(E) =  2 a Mj{E )p Mj{E )J J + ^ y , (4)
w here  M J is the p ro jec tion  o f  the to tal m o lecu lar angular 
m om en tum  on the ex ternal field  axis and a Mj and (lMj a re  the 
so -called  p arity  m ix ing  coeffic ien ts. T he elec tric  field  d ep en ­
den t w ave functions co rrespond ing  to each  parity  o f the J  
= 3 /2  A -doub le t states, ^ f  and  ^ c, are expressed  as linear 
com binations o f  the field-free w ave functions deno ted  using  
the quan tum  num bers set |f t J M J e):
$ f  (E) = aMJ(E) I f tJ M J f)  + P m + E) IftJM J e ) , (5a)
$ e(E) =  « m /E )  |f tJM Je )  -  P m j(E) I f tJ M J f) . (5b)
T he 7.5  k V /c m  field  streng th  u sed  for the o rien tation  o f  the
state se lected  f t " = 3 /2 ,  J " = 3 /2 ,  M " = 3 /2 ,  f  m o lecu les is
h igh  enough  to  p ro d u ce  an averaged  o rien tation  |(cos 0)\
18= 0.55, very  c lose  to the h igh  field  lim it va lue  o f  0.6 . A t this
TABLE II. Steric asymmetries S (%) for rotationally inelastic scattering of 
OH (X2n , v = 0, fì = 3/2, J =3/2, f )  in collisions with pure HBr ('2 , v =0, 
J <4) at 750 cm- ' collision energy.
Final state Ù J f e
3/2 3/2
5/2 2.6±3.7 1.3±2.8
7/2 -4.1 ±6.2 1.0±5.6
9/2 6.7 ±9.2 7.4± 10.9
11/2 9.6±7.0
1/2 1/2 -2.8±6.8 5.4±5.6
3 /2 -2.4±7.4 -0.7±8.0a
5/2 -10.7±7.8
7/2 4.8± 10.1
aThe H =1/2, J =3/2 and 5/2, e state populations are probed by transitions 
which are not separated within the laser bandwidth.
field the parity  m ix ing  is w eak , w h ich  allow s for labeling  the 
states still u sing  the fie ld -free pa rity  notation .
T he po lariza tion  o f  th e  laser beam  has been  set to  m ax i­
m ize  the fluo rescence y ie ld  in the p resence  o f  th e  external 
e lec tric  field, w h ich  corresponds to  a laser po lariza tion  at an 
ang le  d ifferen t from  0 or 90° w ith  respec t to  the elec tric  field. 
C onsequently , bo th  A M J = 0  and A M J =  ±  1 transitions are en ­
ab led  and saturated , therefo re  a llow ing  to in fer the total 
p opu la tion  o f each  ro ta tional lev e l.18,19 T he sta te-to -state  
steric  asym m etries u sed  to quan tify  the o rien ta tion  effect on 
the  scattering  p rocess are defined  as follow s:
S ( f l \ J ' , e ' )  =
°HO-X -  a OH-X X 100 % , (6)
w here  o-HO-X or oqh -x  rep resen ts th e  sta te-to -sta te  cross sec­
tion  for the scattering  o f the O H  m olecu les o rien ted  w ith  the 
o  or th e  H  side, respectively , tow ards the co llision  partner. A  
p ositive  steric  asym m etry  ind ica tes the  p re fe rence  for sca t­
tering  at th e  o  side and alternatively , a H  side p reference  
corresponds to a nega tive  value  o f  the steric  asym m etry. 
S ince bo th  m olecu les invo lved  in th is experim en t h ave  a 
large d ipo le  m om en t (0 .82 D  for H B r and  1.66 D  for O H ), a 
strong an iso tropy  o f  th e  PES is expected  and  thus strong 
steric  asym m etries . T he  resu lts  for the m easured  steric  asym ­
m etries co rrespond ing  to sta te-to -sta te  ro ta tiona lly  inelastic  
scattering  o f O H  b y  H B r are p resen ted  in T able II . F igu re  4 
show s the g raph ica l com parison  w ith  the steric  asym m etries 
m easu red  for scattering  o f O H  by  H C l.11 A s it can  b e  seen, 
these  asym m etries are sm all in  con trast to  the expectations. 
F o r sp in -o rb it conserv ing  transitions a trend  to larger positive  
values w ith  increasing  ro ta tional excita tion  is v isib le . A n in ­
crease  o f  the steric  asym m etries w ith  decreasing  cross sec­
tions has been  observed  b efo re  in the case  o f  O H -A r and 
O H -C O  scattering . F or the sp in -o rb it chang ing  transitions 
the  experim en ta l accuracies are  low  and no c lear trend  w ith  
J ' is observed . W hen  com paring  w ith  H C l co llis ions there  
are no significant d ifferences excep t for th e  transitions to the 
f t '  = 3 /2 ,  J '  = 5 /2  and 7 /2 ,  f  states. H ere  re la tive ly  large 
nega tive  steric asym m etries are m easu red  for O H -H C l 
w hereas the steric  asym m etries are nearly  zero  for O H -H B r. 
A  p oss ib le  exp lana tion  for th e  negative  values in the  case  o f
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FIG. 4. State-to-state steric asymmetries S (%) for (a) spin-orbit conserving 
transitions and (b) spin-orbit changing transitions for scattering of OH 
(X2n , v =0) O  = 3/2, J"=3/2, f  by HBr at 75G cm-1 collision energy 
(squares) and by HCl at 920 cm-1 collision energy (circles).
H C l co llis ions is th e  in fluence o f the H O -H C l van der W aals 
w ell11 w hich  dep th  estim ated  using  d ifferen t levels o f 
theo ry 12,13,23,24 is in the ran g e  o f 8 7 0 -1 9 0 0  cm -1 . F o r the 
H O -H B r hydrogen  bond  com plex  L iu  e t al. ca lcu la ted  a w ell 
dep th  o f  about 600 cm -1 .9 W e m ay  a ttribu te  this less deep 
po ten tia l w ell to a w eaker in term olecu lar in terac tion  since 
H B r has a sm aller e lec tric  d ipo le  m om en t than  H C l and is a 
larger m olecu le . B o th  system s exh ib it H -O - H  bond  configu­
ra tions very  c lose  to the stab le  w ater m o lecu le  geom etry. 
T hus, O H  m olecu les com ing  w ith  the O  side tow ards the 
halogen  h yd ride  are re la tive ly  m ore  p re fe rred  for th e  co m ­
plex  form ation  channel. A fte r the p red issocia tion  o f  the co m ­
plex , the O H  fragm ent popu la tion  m ay  undergo  red is tr ib u ­
tion  over ro ta tional, sym m etry  and  sp in -o rb it in ternal states 
w ith in  th e  availab le  energy. T his is consisten t w ith  the slight 
positive  steric  asym m etries for h ig h er ro ta tional excita tion  
and several sp in -o rb it changing  transitions. T he sm aller 
steric asym m etries for O H  + H B r m ay  be  re la ted  to the  sha l­
low er van der W aals w ell. A no ther in teresting  d ifference  b e ­
tw een  the PE Ss o f O H -H C l and O H -H B r is the barrier 
he igh t o f th e  reac tiv e  channel: 3 0 0 -8 0 0  cm -1 for O H + H C l
(R efs. 23- 27 ) and 2 0 -3 1 1  cm  1 (R efs. 8 and 9) or no barrier 
at all for O H  + H B r. T he O H  + H B r co llision  energy  over­
com es by  far the barrie r o f 311 cm -1 . N o ting  th e  very  h igh  
exo therm icity  one m ay  expect a fast reac tive  channel. H o w ­
ever, the h ig h er reac tiv ity  o f  O H  + H B r re la tive  to  O H  
+ H C l is no t reflected  in the m agn itude  o f  the ine lastic  cross 
sections and it does no t exp lain  the low  steric  asym m etries 
for the O H -H B r ine lastic  co llisions. T he exp lana tion  aw aits 
resu lts  o f  quan tum  scattering  ca lcu la tions and  o f  com p le­
m en tary  experim en ts. E xperim en ts to m easure  th e  B r re ac ­
tion  p roduc t are in  p rogress.
IV. SUMMARY
State-to -sta te  ro ta tionally  ine lastic  cross sections o f  the 
hyd roxy l rad ica l in co llisions w ith  hydrogen  b rom ide  h ave  
been  m easu red  in  a crossed  m olecu lar beam  experim en t. O ut 
o f  the 94%  pu re  in itia l state, 2n 3/2, v  = 0 , J  = 3 /2 ,  M J = 3 /2 ,  f ,  
th e  O H  m olecu les are scattered  in to  d ifferen t excited  states 
co rrespond ing  to  changes o f  up  to  th ree ro ta tional quanta, 
sp in -o rb it com ponen t, and /or m olecu la r sym m etry. W hile  the 
largest cross section  w as m easu red  for the A -doub le t tran si­
tion , the genera l trend  found  is a fast decrease  o f  the cross 
section  w ith  increasing  excita tion . D ifferen t cross sections 
are m easu red  w hen  changing  the  O H  m o lecu le  orien tation  
p rio r to th e  co llis ion  so tha t the im pact takes p lace  at th e  O 
side or the H  side, as a resu lt o f  sam pling  parts  o f  the in ter­
m o lecu lar PE S exh ib iting  a d ifferen t anisotropy. L arge  d if­
ferences in steric  asym m etries for O H -H C l and O H -H B r 
system s are m easured  for the  parity  and sp in -o rb it conserv ­
ing  transitions, the orig in  o f  w h ich  is no t yet clear.
ACKNOWLEDGMENTS
T he au thors w ish  to th an k  L eander G erritsen  for expert 
techn ica l assistance. T his w ork  is p art o f  the research  p ro ­
g ram  o f  the S tich ting  vo o r F u n dam en ta l O nderzoek d er M a ­
terie  (FO M ), w h ich  is financially  supported  by  the N ed er­
landse O rganisatie vo o r W etenschappelijk  O nderzoek.
1R. P. Wayne, Chemistry of the Atmospheres (Oxford University Press, 
Oxford, 1991).
21. R. Sims, I. W. M. Smith, D. C. Clary, P. Bocherel, and B. R. Rowe, J. 
Chem. Phys. 101, 1748 (1994).
3D. B. Atkinson, V. I. Jamarillo, and M. A. Smith, J. Phys. Chem. A 101, 
3356 (1997).
4 A. R. Ravishankara, P. H. Wine, and J. R. Wells, J. Chem. Phys. 83, 447 
(1985).
5Y. Bedjanian, V. Riffault, G. Le Bras, and G. Poulet, J. Photochem. Pho- 
tobiol., A 128, 15 (1999).
6N. I. Butkovskaya and D. W. Setser, J. Phys. Chem. 100, 4853 (1996).
7D. C. Clary, G. Nyman, and R. Hernandez, J. Chem. Phys. 101, 3704 
(1994).
8 B. Nizamov, D. W. Setser, H. Wang, G. H. Peslherbe, and W. L. Hase, J. 
Chem. Phys. 105, 9897 (1996).
9 J. Y. Liu, Z. S. Li, Z. W. Dai, X. R. Huang, and C. C. Sun, J. Phys. Chem. 
A 105, 7707 (2001).
10 R. Cireasa, M. C. van Beek, A. Moise, and J. J. ter Meulen, J. Chem. 
Phys. 122, 074319 (2005).
11R. Cireasa, A. Moise, and J. J. ter Meulen, J. Chem. Phys. 123, 064310 
(2005).
12 J. A. Klos, F. Aoiz, R. Cireasa, and J. J. ter Meulen, Phys. Chem. Chem. 
Phys. 6, 4968 (2004).
13 P. E. S. Wormer, J. A. Klos, G. C. Groenenboom, and A. van der Avoird, 
J. Chem. Phys. 122, 244325 (2005).
Dow nloaded 14 Mar 2011 to  131.174.17.17. Redistribution subject to AIP licen se  or copyright; s e e  http://jcp.aip.org/about/rights_and_perm issions
204315-7 Scattering of OH by HBr J. Chem. Phys. 125, 204315 (2006)
14 K. Schreel, J. Schleiplein, A. Eppink, and J. J. ter Meulen, J. Chem. Phys. 
99, 8713 (1993).
15K. Schreel and J. J. ter Meulen, J. Chem. Phys. lO5, 4522 (1996).
16 M. C. van Beek, K. Schreel, and J. J. ter Meulen, J. Chem. Phys. lO9, 
13G2 (1998).
17 M. C. van Beek, J. J. ter Meulen, and M. H. Alexander, J. Chem. Phys. 
ll3, 628 (2GGG).
18K. Schrecl and J. J. ter Meulen, J. Phys. Chem. lOl, 7639 (1997).
19 M. C. van Beek, J. J. ter Meulen, and M. H. Alexander, J. Chem. Phys. 
ll3, 637 (2GGG).
20T. D. Hain and T. J. Curtiss, J. Phys. Chem. A lO2, 9696 (1998).
21 J. Reuss, in Atomic and Molecular Beams Methods, edited by G. Scoles 
(Oxford University Press, New York, 1988), Vol. I.
22R. Anderson, J. Phys. Chem. lOl, 7664 (1997).
23 H. G. Yu and G. Nyman, J. Chem. Phys. ll3, 8936 (2GGG).
24 G. Lendvay, Abstr. Pap. - Am. Chem. Soc. 2lS, 2G2 (1999).
25R. Steckler, G. M. Thurman, J. D. Watts, and R. G. Bartlett, J. Chem. 
Phys. lO6, 3926 (1997).
26 N. I. Butkovskaya and D. W. Setser, J. Phys. Chem. lOS, 2434 (1998).
27 IUPAC database (Subcommitee for Gas Kinetics Data Evaluation), http:// 
www.iupac-kinetic.ch.cam.ac.uk
Downloaded 14 Mar 2011 to  131.174.17.17. Redistribution sub ject to  AIP license or copyright; see  http://jcp.aip.org/about/rights_and_perm issions
